The hyperfine-induced 2s2p 3 P 0 −2s 2 1 S 0 transition rate for Be-like 47 Ti 18+ was recently measured in a storage-ring experiment by Schippers et al. [Phys. Rev. Lett. 98, 033001 (2007)]. The measured value of 0.56(3) s −1 is almost 60% larger than the theoretical value of 0.356 s −1 from a multiconfiguration Dirac-Fock calculation by Marques et al. [Phys. Rev. A 47, 929 (1993)]. In this work, we use a large-scale relativistic configuration-interaction method to calculate these hyperfine-induced rates for ions with Z = 6 − 92. Coherent hyperfine-quenching effects between the 2s2p 1,3 P 1 states are included in a perturbative as well as a radiation damping approach. Contrary to the claims of Marques et al., contributions from the 1 P 1 state are substantial and lead to a hyperfine-induced rate of 0.67 s −1 , in better agreement with, though larger than, the measured value.
I. INTRODUCTION
The 2s2p 3 P 0 state is the lowest excited state in Be-like ions. This metastable state is forbidden to decay to the 2s 2 1 S 0 ground state by an one-photon transition because J = 0 − 0 transition is strictly forbidden by angular selection rules, and the two-photon E1-M1 transition is extremely weak. However, for isotopes with nonzero nuclear spins, the onephoton transition is made possible through hyperfine-induced mixing between the 2s2p 1, 3 P states, the so-called hyperfine quenching effect, and becomes the dominant decay mode of the 3 P 0 state in very low density plasmas such as those found astrophysically.
Hyperfine quenching of the 2s2p 3 P 0 state in Be-like ions have been subject to theoretical and experimental investigations. On the theory side, hyperfine-induced decay rates of this state were calculated by Brage et al. [1] for a few low-Z ions of astrophysical interests in a perturbative approach using correlated wave functions obtained from the multiconfiguration Hartree-Fock (MCHF), the multiconfiguration Dirac-Fock (MCDF) and the F-dependent configuration-interaction (FCI) methods. The most extensive studies of these decay rates, however, were carried out earlier by Marques et al. [2] for the entire isoelectronic sequence in a complex matrix scheme, though their MCDF calculations gave an incomplete account of correlation effects.
Experimental determination of the hyperfine-induced decay rate of the 2s2p 
For
14 N 3+ , this rate was determined from observations of a planetary nebula [3] . The result of 4×10 −4 s −1 is consistent with theory [1] , though the uncertainty is rather high at 33%.
More recently, the storage-ring measurement of the 47 Ti 18+ ion gives a much more accurate hyperfine-induced decay rate of 0.56(3) s −1 [4] . However, this result is almost 60% larger then the sole theoretical prediction of 0.36 s −1 [2] and the difference was attributed to residual correlation effects in [4] .
In spite of this seemingly large discrepancy between theory and experiment, it should be noted that results of the two existing calculations [1] and [2] readily differ by more than 60%. Besides differences in theoretical hyperfine quenching approaches and in correlation calculations, these two works also differ in the way the 2s2p 1 P 1 state is handled: It is excluded from the calculations of Marques et al. [2] who expected its contribution to the hyperfine quenching of the 2s2p 3 P 0 state to be negligible, but is included in the calculations of Brage et al. [1] who came to just the oppose conclusion and showed that coherent mixing effects between the 2s2p 1,3 P 1 states can be very important. In all, results of these two works can differ by more than a factor of three for low-Z Be-like ions. Before meaningful comparisons can be made with experiment, theoretical calculation should be scrutinized more closely.
In this work, we perform comprehensive calculations of the hyperfine-induced decay rates of the 2s2p 3 P 0 state for Be-like ions with Z = 6 − 92. We use both the perturbative and the complex matrix approaches to shed light on the validity and limitation of these methods. We also use a radiation damping scheme for added theoretical insights. Special attention is given to the coherent hyperfine-mixing effects between the 2s2p 1,3 P 1 states.
To better account for electron correlation effects, a large-scale relativistic configurationinteraction (RCI) method [5] [6] [7] is used to calculate energy levels, radiative transition rates, and hyperfine matrix elements for the 2s Since hyperfine quenching effects are sensitive to energy level spacings, we use empirical energies from the NIST Atomic Spectra Database [8] which are available for all four 2s2p
states up to Z = 29. For higher Z ions, we use RCI energies which include mass polarization (MP) and quantum electrodynamic (QED) corrections. Both the magnetic dipole (M1) and electric quadrupole (E2) hyperfine interactions are included in the present hyperfine quenching calculations, though E2 contributions to the hyperfine-induced 3 P 0 decay rates are found to be negligible and will not be presented here. In the following, we first describe our present calculations and review different theoretical approaches. We then show our results and compare them with other theories and with experiment.
II. THEORETICAL CALCULATIONS
A. Atomic structure
Relativistic configuration-interaction method
The energy level and transition diagram of the 2s 2 and 2s2p states of Be-like ions are displayed in Fig. 1 . Of the four 2s2p states, the For an accurate treatment of relativistic correlation effects, we use a relativistic configuration-interaction (RCI) method here. Details of our RCI method have been presented before [5, 6] . Briefly, our RCI method is based on the relativistic no-pair Hamiltonian [9, 10] which includes Coulomb and frequency-dependent, retarded Breit interactions.
B-spline basis functions used here are solutions of the radial Dirac equation for an electron moving in a Dirac-Kohn-Sham (DKS) potential confined to a finite cavity [11] . The confinement in a cavity leads to discrete positive-and negative-energy states that form a set of finite, complete basis functions suitable for high-precision calculations. 
Radiative transitions
The electric-dipole (E1) and magnetic quadruple (M2) radiative transition matrix elements are calculated from first-order perturbation theory using the frequency-dependent electromagnetic multipole transition operators Q
k , where k is the multipole order and λ = 1/0 for electric/magnetic multipoles. Explicit formulas of Q (λ) k (in length and velocity gauges for electric multipoles) are given in Ref. [16] . In particular, for E1 transitions in the length gauge, Q 2 in a.u., and E1 and M2 decay rates from an initial state |i to a final state |f are given by
where A E1 and A M2 are in s −1 , the transition wavelength λ is inÅ, and transition matrix elements are dimensionless.
The computational procedure of our RCI transition calculations can be found in [7] .
Briefly, many-electron transition matrix elements are reduced into sums of one-electron radial transition matrix elements weighted by configuration mixing coefficients and angular recoupling factors using a computer code which is based on the MCT package in the Oxford MCDF program [17] . Formulas for the radial transition matrix elements are given in [16] . It should be noted that since negative-energy states are excluded from our no-pair calculations, resulting E1 transition rates are intrinsically gauge dependent, especially for the spin-forbidden 2s2p
S 0 intercombination transition where length and velocity gauge results can differ by a factor two in low-Z Be-like ions [7] . However, as shown in [7] , E1 transition matrix elements calculated in the length gauge are insensitive to contributions from negative-energy states and the length gauge is what we use for E1 calculations here.
There is no gauge issue with magnetic multipole transitions.
B. Hyperfine interaction
The relativistic hyperfine interaction Hamiltonian can be written as [18, 19] 
where M (k) and T (k) are spherical tensor operators of rank k representing the nuclear and electronic parts, respectively, of the hyperfine interaction. The hyperfine state |IJF M F is formed by coupling the nuclear state |IM I and the atomic state |JM J to give an eigenstate of the total angular momentum F = I + J, where I and J are the nuclear spin and the total angular momentum of the atomic state, respectively, such that
The matrix element of the hyperfine operator is then given by [18, 19] 
For the magnetic dipole (M1) hyperfine interaction, k = 1 and the nuclear magnetic moment µ I , in units of the nuclear magneton µ N = e /2m p c, is defined by the nuclear stretched state |I M I = I as
The magnetic dipole hyperfine operator T
(1) q is given by [18] 
in which α is the Dirac matrix and Y (λ) kq (r) represents the vector spherical harmonics [20] . The sum here is over all electrons in the atom, though there are no net contributions from closed shells. In this work, Gaussian units where 1/4πǫ 0 = 1 are used. In particular, the sign of e is significant and e = |e| is the magnitude of the electron charge here. From Eqs.
(5) and (6), M1 hyperfine energies are given by 
where
and
The reduction of the many-electron hyperfine matrix elements J T (k) J ′ into sums of one-electron radial matrix elements weighted by configuration mixing coefficients and angular recoupling factors follows the same angular recoupling procedure as in the case of radiative transitions. In fact, as angular selection rules for the hyperfine matrix elements are the same as those for the corresponding electromagnetic multipole transitions, we can utilize our RCI radiative transition codes for hyperfine interaction calculations by simply replacing the transition radial matrix elements with hyperfine radial matrix elements. Formulas for the latter can be found in [18] .
As for the electric quadrupole (E2) hyperfine interactions, they can be calculated in a similar fashion, with formulas for the nuclear quadrupole moment Q and the E2 hyperfine operator T (2) q readily given in [18] . However, as their contributions to the hyperfine-induced decay of the 3 P 0 state are found to be completely negligible, E2 hyperfine interactions will not be considered here.
C. Hyperfine-induced transition rates
The hyperfine Hamiltonian is given by
where H 0 is the relativistic no-pair Hamiltonian and H HF is the hyperfine interaction Hamiltonian shown in Eq. (3). For hyperfine quenching calculations, the starting point is the determination of atomic eigenstates |γJM of the no-pair Hamiltonian, here with the RCI method, such that
For brevity, the atomic-state identification quantum number γ i will be dropped when possible and the five n = 2 atomic states will be identified by the subscript i such that i = 0, 1, 2, 3, 4 for the 2s For the 2s2p
P states, they are given by
where the mixing coefficients c
are determined by diagonalizing the hyperfine matrix 
with ∆E ij = E i − E j being the fine structure intervals and
ij the hyperfine energies. For the 2s2p 3 P 0 state, there is only one F = I hyperfine level, hence only one F = I hyperfine matrix to deal with, and the hyperfine-induced (HFI) decay rate is given by [19] A HFI (
where A HFI is in s −1 , λ 1 is the transition wavelength between the In general, A HFI ( 3 P 0 ) is dominated by contributions from the 3 P 1 state which is the closest to, and has the strongest hyperfine mixing with, the 3 P 0 state, and is readily given by
can be significant due to the coherent mixing between the 1 P 1 and 3 P 1 states shown in Eq.
(15), especially at low Z where the
S 0 transitions are much stronger then the
spin-forbidden transitions. Contributions from the M2 transition to A HFI , on the other hand, is found to be quite negligible and, for all practical purposes, the last term in Eq. (15) can be omitted.
The complex matrix method
The complex matrix method was first used by Indelicato et al. for hyperfine quenching studies of He-like ions [21] and later by Marques et al. for Be-like ions [2] . In this approach, radiative half-widths of the fine structure levels are added as imaginary parts to the diagonal matrix elements of the hyperfine matrix, shown in Eq. (14), such that
with Γ j = A j being the radiative line width, and A j the decay rate, of state j. Diagonalization of this matrix leads to complex eigenenergies, the real parts of which are the hyperfine energy levels, and the imaginary parts the hyperfine half-widths from which the quenching rates are determined. Such is not the case for Be-like ions here. To begin with, as the half-width Γ 2 /2 from the n = 2 − 2 transitions is consistently small compared to the fine structure splitting ∆E 21 , the perturbative approach should work along the entire isoelectronic sequence. More importantly, while the complex matrix method is still not expected to work at low Z due to the lack of coherent hyperfine mixing between the 1,3 P 1 states, its validity at high Z is no longer certain. Indeed, from the above 2×2 matrix, when Γ 2 is small, the hyperfine-induced decay rate is readily given by
Comparing with Eq. (16) from the perturbative approach under the same approximation, the two induced rates are seen to be different by the energy scaling factor (λ 2 /λ 1 ) 3 . The lack of this factor is a problem for the complex matrix method, as it comes from the phase space factor of the hyperfine-induced
S 0 transition with the induced wavelength λ ≈ λ 1 mandated by energy conservation. For He-like ions, this problem can be overlooked as λ 1 ≈ λ 2 for the n = 2 − 1 transitions. For the n = 2 − 2 transitions in Be-like ions, however, the difference between λ 1 and λ 2 is usually not negligible and complex matrix results will be different from perturbative results even for high-Z ions.
The radiation-damping method
The radiation-damping method is another nonperturbative scheme in which the radiation field and the hyperfine interaction are treated on the same footing. It was introduced by
Johnson et al. [19] to study hyperfine quenching in He-like ions. In this approach, interactions with the radiation field are included by means of a nonlocal optical potential V rd used by Robicheaux et al. [22] to treat radiation damping in scattering states. Specifically, V rd is defined by its action on an eigenstate |Ψ E with energy E such that
kq is the multipole transition operator presented in Section II A 3, |n are atomic states lower in energy than |Ψ E , and ω n = (E − E n )/ . [19] . The first three are diagonal matrix
while the fourth is the off-diagonal matrix element
3 are the energy-scaled decay rates, and ρ is the sign of with results reducing to perturbative results for Z < 40 and to complex matrix results for higher Z ions [19] . It is expected to work for all Be-like ions also.
III. RESULTS AND DISCUSSION
In this work, atomic structure data are calculated with the RCI method. In Table I , energy levels of the 2s2p Table II and are compared with available empirical energies. It can be seen that the present RCI energies agree with experiment to better than 0.1% in all cases. This is consistent with our earlier finding that RCI energies of the 1,3 P 1 states are in good agreement with experiment throughout the isoelectronic sequence [5, 6] .
In Table III , the unperturbed radiative decay rates from the [24] is not due to differences in correlation calculations but to the neglect of QED corrections in [24] which, as shown in Table II In Table VII , the hyperfine-induced decay rates for the 3 P 0 state are shown for stable isotopes of Be-like ions with 6 ≤ Z ≤ 92. Nuclear magnetic moments µ I are from the tabulation by Raghavan [25] . These rates are calculated from the perturbative approach with the full 4×4 hyperfine matrix and include coherent mixing contributions from the
state. Unlike He-like ions where the perturbative approach only works for Z < 40 [19] , it works for all Be-like ions here, as radiative linewidths of the 2s2p states are consistently small compare to the level spacings. This is confirmed by our radiative damping results which are indistinguishable from the perturbative results along the entire isoelectronic sequence.
Because of the dependence on the nuclear spin I and nuclear magnetic moment µ I , it is difficult to establish systematic trends for these induced rates. However, Brage et al. [1] have shown that the scaled hyperfine-induced decay rateÃ HFI for the
is relatively independent of nuclear effects. Indeed, we find thatÃ HFI as calculated from different isotopes of the same atom agree to better than 1% for all Be-like ions. In Table VIII, the scaled hyperfine-induced decay rates for the 3 P 0 state are compared between theory and experiment for selected Be-like ions. Some of these comparisons are also shown in Fig. 2 RCI results are almost the same. As Z increases, however, this factor steadily increases to 1.54 at Z = 92 and leads to a 54% difference between these two hyperfine-induced decay rates. The lack of coherent hyperfine mixing and state-specific energy scaling factors renders the complex matrix approach unsuitable for hyperfine quenching studies of Be-like ions here, and most likely for other alkaline-earth-like ions also.
As we have mentioned earlier, there are only two empirical data available for the RCI perturbative result of 0.67 s −1 is closer to, but 20% higher than, the measured value.
In summary, accurate energy levels and decay rates of the 2s2p 
ions. Numbers in brackets represent powers of 10. 
states of Be-like ions. Numbers in brackets represent powers of 10. TABLE VII: Hyperfine-induced 2s2p 3 P 0 − 2s 2 1 S 0 transition rates (s −1 ) for Be-like ions. Nuclear magnetic moments µ I are from [25] . Numbers in brackets represent powers of 10. 
